Abstract: Photocatalysis has received much attention as it is considered one of the potential solutions for solar energy conversion and counteracting environmental degradation. In order to promote the research work of the field and meet the requirements of practical applications, it is necessary to develop high efficiency visible-light-driven photocatalysts, especially the red semiconductor photocatalysts. This review aims to sum up the progress recently made in this field, concentrating on the scientific and technological possibilities offered by three kinds of red semiconductor photocatalysts for water splitting, organic contaminant decomposition, and CO 2 photoreduction. The important progress is discussed and explained in detail, including the synthesis, characterization, and specific applications of red semiconductor photocatalysts. Finally, the review concludes by summarizing both findings and perspectives.
Introduction
The problem of energy shortage and environmental pollution is getting more and more serious in the past decades with the industrialization and population growth all over the world. The consumption of fossil fuels is unsustainable and results in the green house effect caused by CO 2 emission. Photocatalysis is a very promising technology for settling these problems, which is applied in many fields including converting solar energy into chemical energy like water splitting, CO 2 photoreduction, and elimination of contaminants in water and air [1] [2] [3] [4] [5] [6] .
Semiconductor photocalysts utilize solar light to carry out reduction and oxidation reactions. The ability of light absorption is very important for photocatalysts. As TiO 2 electrode was used for the hydrogen evolution in 1972 [7] , many kinds of semiconductor photocatalysts have been developed in the past decades [8] , such as oxides [9] [10] [11] [12] [13] , sulfides [14] [15] [16] , nitrides [17] [18] [19] , titanates [20] [21] [22] , tantalates [23, 24] , and so on. Among these photocalysts, TiO 2 has excellent performance for photocatalytic reactions. But TiO 2 has a wide band gap of about 3.2 eV, which only permits ultraviolet (UV) light (λ < 400 nm) absorption. However, UV light accounts for only 4% of solar irradiation that arrives at the earth's surface. The percentage of visible light (400 < λ < 700 nm) occupies almost 45% [25] . Therefore, the majority of research works has focused on the progress of semiconductor photocatalysts with narrower band gap for efficient visible light absorption. Great progress has been made in visible-light-driven photocatalysts including sulfides (e.g. CdS [26] [27] [28] [29] [30] , MoS 2 [31] [32] [33] [34] [35] ), oxides (e.g. WO 3 [36] [37] [38] [39] [40] ), N-doped TiO 2 [41] [42] [43] [44] , mixed metal oxides (e.g. BiVO 4 [45] [46] [47] [48] , Ag 3 PO 4 [49] [50] [51] [52] ), and nitrides (e.g. C 3 N 4 [53] [54] [55] [56] [57] ) for the degradation of hazardous compounds and water splitting for the evolution of H 2 and O 2 . These materials mentioned above are all yellow, which means their absorption edge only can be up to about 600 nm and cannot utilize the visible light completely. Thus, the red materials, those absorption edge that cover the full visible light spectrum, has attracted increasing interest in recent years [58] [59] [60] .
Several red semiconductor photocatalysts have been synthesized for environmental applications over the past decades, mainly including Cu 2 O, Fe 2 O 3 , and Ta 3 N 5 . Up to now, synthesis of highly efficient red semiconductor photocalysts is still a great challenge for the researchers. In this review, we summarize the research works, which has been made in recent years, with a view of providing good references and new ideas for solving this challenge. With a start of a brief introduction to the mechanism of photocatalysis on semiconductor-based photocatalysts, we overview the development of three kinds of red semiconductor photocatalysts mentioned above. At the same time, many synthesis and modification techniques to improve the performance of photocatalysts are also discussed.
Basic principles of photocatalytic reaction
A typical photocatalytic reaction process comprises of three main steps ( Figure 1 ): first, semiconductor photocatalyst absorbs light radiation from light source. The electrons in the valence band (VB) of the photocatalyst are excited to the conduction band (CB). At the same time, an equal number of vacant sites (holes) are left in the VB, forming the electron (e -) and hole (h + ) pairs. The energy difference between the top of the filled VB and the bottom of the empty CB is known as the "band gap." Photons can successfully excite electrons located in the VB of a semiconductor only if their energy is greater than the band gap. This stage is called the "photo-excited" state. Second, the excited electrons and holes separate in the bulk and migrate to the surface of photocatalyst after photoexcitation. Third, the excited electrons react with the electron acceptors (A), and the excited holes react with the absorbed electron donors (D), respectively. The electrons act as strong reductants (electron acceptor A-A -), and the holes act as oxidizers (electron donor D-D + ), for redox reactions with water, CO 2 , or organic contaminants. It should be noticed that, there is a large chance of recombination between electron-hole pairs in the second step, releasing energy in the form of heat or emitted light. Therefore, it is necessary to take steps to prevent this recombination.
As we know, the energy band structure of a semiconductor determines the absorption of incident light, the photoexcitation of electron-hole pairs, the mobility of photoexcited carriers, and the redox capabilities of photoexcited electrons and holes. Semiconductors with a direct and narrow band gap are likely to absorb more incident light and, therefore, are appropriate for harvesting lowenergy photons efficiently [61] . Moreover, to promote the photocatalytic redox reactions by photoexcited electrons and holes, the potentials of the conduction and valence bands are very important. For photocatalysts, both the reduction and oxidation potentials of reactants should lie within the top of the VB and the bottom of the CB. Taking water splitting and CO 2 photoreduction as examples, equations (1)- (2) are two half reactions in water splitting for the evolution of H 2 and O 2 , and equations (3)- (7) are the CO 2 reduction potentials versus the NHE at pH 7 for different products [62] , which require the transfer of a certain amount of electrons and a corresponding number of protons [63, 64] . If we want to run all of the following reactions successfully, the energy band structure of photocatalyst has to satisfy the following conditions: the bottom level of the CB must be more negative than the reduction potential of CO 2 /CO 2˙-(-1.9 V vs. normal hydrogen electrode (NHE) at pH 7), at the same time, the top level of the VB must be more positive than the oxidation potential of O 2 / H 2 O (0.82 V), as shown in Figure 2 . All these above are thermodynamic requirements for certain photocatalytic reactions. Besides this, charge separation, lifetime of photogenerated carriers, mobility, and overpotentials affect photocatalytic reactions as well. For instance, the potential of the band edge of the semiconductor may vary with the change of pH, and the band edge may bend between different interfaces [65] . Moreover, the phase stability of the semiconductor may change in different pH solution environments [8] .
3 Red semiconductor photocatalysts
Cu 2 O photocatalyst
As a p-type semiconductor with a narrow band gap (2.0-2.2 eV), Cu 2 O has been widely used for the visiblelight-driven degradation of organic pollutants [66] [67] [68] , CO 2 photoreduction, and water splitting [69] , especially overall water splitting [70] . Cu 2 O is in a cubic crystal system ( Figure 3 ). In a typical unit cell, every O atom is encircled by four Cu atoms to form a tetrahedron, and every Cu atom on the vertex of the tetrahedron possesses two neighboring O atoms as shown in Figure 3 [71] . In previous works, the morphologies of Cu 2 O, which has been investigated are mostly enclosed with recognizable facets, such as {100}, {111}, and {110}. It is well confirmed that the surface energy of the three low index facets is related to the density of undercoordinated Cu atoms [72] . The surface atomic structure can affect the reactivity of photocatalyst definitely [73] . The arrangement and coordination of the surface atoms change with exposed crystal facets in different orientations. Hence, the reactivity of photocatalyst is closely related to the exposed crystal facets. By using sodium dodecyl sulfate (SDS) as capping agent (CA), Huang et al. synthesized a series of Cu 2 O with controlled morphology from cubic to rhombic dodecahedral structures ( Figure 4A ) [74] . Adding of NH 2 OH·HCl reduced Cu(OH) 2 to Cu 2 O and controlled the pH of the reaction solution, separately. The author demonstrated that Cu 2 O rhombic dodecahedra exhibited exceptionally good photocatalytic activity ( Figure 4B ), which implies that the performance of Cu 2 O could be enhanced by morphology control with different facets exposed. Zhang et al. [67] synthesized mixed 26-facet and 18-facet polyhedras, octahedras, and cubes of Cu 2 O microcrystals by taking advantage of different CA in hydrothermal treatment. The authors chose methyl orange to be photodegraded in aqueous solution using as-prepared 26-facet and 18-facet polyhedras, octahedras, and cubes. Owing to the specific surface atomic structure, the polyhedras show a higher absorbance and more superior photodegradation ability than the octahedras and the cubes.
Cu 2 O suffers from photocorrosion of reduction into Cu 0 and oxidation into Cu 2+ by photo-induced carriers, especially when the excited electrons and holes are not utilized efficiently in the reactions [75] . Because of the efficient transportation and separation of the carrier, combining Cu 2 O with n-type semiconductors, whose CB and VB are more positive (i.e. TiO 2 , TaON, or ZnO), can improve its photostability and then reduce the photocorrosion process. Hou et al. synthesized a p-type Cu 2 O/n-type TaON heterojunction nanorod array, which was covered with an ultrathin carbon shell (carbon-Cu 2 O/TaON) as a surface protection layer by a solution-based process [76] . Related to the shape anisotropy and p-n heterojunction structure, with the C-Cu 2 O/TaON-based photoanode, the author obtained a high photocurrent density of 3.06 mA cm -2 under an AM 1.5G solar simulator at 1.0 V vs. RHE. At a wavelength of 400 nm, the IPCE reached to 59%. Meanwhile, compared to the initial value, about 87.3% of the photocurrent density remained after 60 min of irradiation. Compared to TaON and Cu 2 O/TaON-based photoanode, the onset potential of the C-Cu 2 O/TaON-based photoanode shifted negatively, and meanwhile, the photocurrent density and photostability were obviously improved. A high built-in potential in the p-n heterojunction induced these improvements, and at the same time, the device was protected from the electrolyte by an ultrathin graphitic carbon shell.
Grätzel and coworkers fabricated a multilayer photoanode consisting of a homogeneous coating of a Cu 2 O film, a 4-nm ZnO/0.17-nm Al 2 O 3 , an 11-nm TiO 2 thin film, and a layer of Pt nanoparticles (NPs) from the inside to the outside. Meanwhile, the Pt NPs acted as co-catalyst for H 2 evolution ( Figure 5 ) [77] . The ZnO/Al 2 O 3 /TiO 2 multilayer formed a p-n junction with Cu 2 O and separated the Cu 2 O from the electrolyte, so that the photocorrosion of Cu 2 O was minimized. The multilayer photoanode obtained a photocurrent of 7.4 mA cm -2 under an AM 1.5G solar simulator in a pH 4.9 electrolyte. About 80% of the photocurrent density remained after 20 min of irradiation. The IPCE was 40%, and the Faradic yield was unity for H 2 photo-evolution at 0 V compared to RHE.
Moreover suitable band gap (2.1 eV) for visible light absorption and high stability [80] . α-Fe 2 O 3 is the most thermodynamic stable phase and common form of crystalline of iron oxide under ambient conditions. α-Fe 2 O 3 is in the corundum structure with space group R-3c. There are six formula units in a unit cell. As shown in Figure 7A , a typical unit cell consists of pairs of FeO 6 octahedra that share edges with three adjacent octahedra in the same plane and one face with an octahedron in a neighboring plane in the hole diffusion length (2-4 nm) [84, 85] , and slow kinetics in the oxygen evolution reaction [86] [87] [88] . Therefore, its water-splitting efficiency is still low. So far, researchers have explored many methods to solve these problems, for example, doping, nanostructure design, and O 2 evolution co-catalyst deposition. Recently, Zhu et al. prepared a kind of hollow hierarchical spheres comprised of ultrathin nanosheets of α-Fe 2 O 3 by a simple wet-chemical route [89] . These ultrathin nanosheet subunits enclosed with (110) facets possess an average thickness of around 3.5 nm. Owing to the ultrathin thickness and largely exposed active (110) facets, these spheres showed a good and stable photocatalytic water oxidation capability. The O 2 evolution rate of water oxidation reached 70 mmol h -1 g -1 under visible light irradiation and could be maintained for 15 h. Grätzel and coworkers synthesized some kinds of mesoporous α-Fe 2 O 3 photoelectrodes by a solution-based colloidal method (Figure 8 ) [90] . After a heat treatment at 800°C, the particle size of α-Fe 2 O 3 and the pore size between them increased, which obviously changed the optical properties of the film. At the same time, Sn atom diffused from the substrate into α-Fe 2 O 3 , which might induce high carrier conductivities. For all the above reasons, the Fe 2 O 3 photoelectrode yielded photocurrent density of 0.56 mA cm -2 under AM 1.5G irradiation (100 mW cm -2 ) at 1.23 V versus RHE and over 1.0 mA cm -2 before the dark current onset at 1.55 V versus RHE.
Efficient PEC water oxidation reaction on α-Fe 2 O 3 electrodes requires a large applied potential to produce photocurrent. Up to now, many kinds of co-catalysts have been deposited on the α-Fe 2 O 3 surface to reduce the required applied potential, including IrO 2 , cobalt ions, and the cobalt phosphate (Co-Pi). Klahr et al. prepared uniform thin films of α-Fe 2 O 3 deposited by atomic layer deposition (ALD). Then, the α-Fe 2 O 3 films were coated with varying amounts of Co-Pi, as shown in Figure 9 [91] . The authors found that the Co-Pi co-catalyst could efficiently collect and store photogenerated holes from the α- [92]. By ALD, the authors controlled the morphology and thickness of the α-Fe 2 O 3 films as well as the concentration and distribution of Ti atoms. Compared to the undoped films, doping of Ti atoms into α-Fe 2 O 3 films dramatically improved the water oxidation performance; meanwhile, the thinner films attained higher performance than the thicker one. An optimum concentration of Ti atoms was about 3 atomic%. This performance improvement was attributed to the improved bulk properties (hole collection length) and surface properties. Coupling of α-Fe 2 O 3 with other semiconductors to construct a heterojunction is also an effective method to enhance the separation of photogenerated carriers and improve the efficiency of photocatalytic reactions [93, 94] . Hou et al. successfully developed a simple two-step method for the synthesis of a three-dimensional (3D) branched Co-Fe 2 O 3 nanorod (NA)/MgFe 2 O 4 heterojunction electrode ( Figure 10 ) as a flexible photoanode for PEC water oxidation [95] . Owing to the novel 3D branched structure, the heterojunction structures achieved a higher photocurrent density of 3.34 mA cm -2 under AM 1.5 G irradiation at 0.8 V versus Ag/AgCl, which was 2.69, 1.95, and 1.78 times higher than that of 
Ta 3 N 5 photocatalyst
Tantalum nitride (Ta 3 N 5 ) is an n-type semiconductor with a band gap of 2.1 eV (corresponding to 600 nm). Its CB edge and VB edge is ca. -0.4 and 1.7 V versus NHE at pH 0, respectively. Therefore, its CB and VB positions are suitable for water splitting. Meanwhile, Ta 3 N 5 has a theoretical maximum solar spectrum photoconversion efficiency of 15.9% [96, 97] . Owing to the above merits, Ta 3 N 5 is a good candidate as a photocatalyst under visible light irradiation [98] [99] [100] [101] . However, similar to Cu 2 O, Ta 3 N 5 also suffers from photocorrosion. The N atom in the Ta 3 N 5 crystal lattice is oxidized into N 2 in the photocatalytic reactions. To address this issue, surface modification by co-catalysts is usually adopted to promote the transportation of photoinduced carriers and decrease the photocurrent onset potential in the PEC system [102] .
Domen and coworkers synthesized a kind of Ba doped Ta 3 N 5 nanorod photoanode with Co-Pi as a stable co-catalyst for water splitting (Figure 11 ) [103] . The Co-Pi/ Ba-Ta 3 N 5 nanorod photoanode yielded a maximum solar energy conversion efficiency of 1.5%. Further, stoichiometric O 2 and H 2 were stably produced on the Co-Pi/ Ba-Ta 3 N 5 nanorod photoanode and Pt counter electrode, and the Faraday efficiency was almost unity. Zou Zhigang and coworkers obtained the Ta 3 N 5 photoanode with exfoliating of the surface recombination centers by thermal or mechanical methods [104] . After exfoliation, the photocurrent of the Ta 3 N 5 photoanode was improved remarkably. Further, after modification of the Co-Pi on Ta 3 N 5 , the author demonstrated a photocurrent of 5.5 mA cm -2 at 1.23 V versus RHE, which is a high value among all currently available Ta 3 N 5 photoanodes.
To suppress the recombination of photoexcited carriers, and the reverse reaction of the as-formed H 2 and O 2 to form H 2 O again on the surface of Ta 3 N 5 photocatalyst, Wang and coworkers designed a core/shell photocatalyst with spatially separated co-catalysts for more efficient water splitting [105] . First, they coated the hard template of SiO 2 microspheres with platinum nanoparticles and then with Ta 2 O 5 , which was converted to Ta 3 N 5 by reaction with ammonia. The SiO 2 /Pt/Ta 2 O 5 spheres were then coated with either iridium or cobalt oxide. The SiO 2 core was selectively dissolved, leaving behind thin, porous, hollow spheres made of tantalum nitride, with platinum nanoparticles coated on the inside and with iridium or cobalt oxide on the outside (Figure 12 ). These core/shell photocatalysts showed significantly enhanced water reduction and oxidation performance under visible light irradiation.
In addition, alkaline metal ions are also used for modifying the Ta 3 N 5 to enhance the performance of water splitting. Kado et al. used a highly ordered Ta-oxide structure that was grown by self-organizing anodization of a Ta sheet. Then, they converted it into the Ta 3 N 5 photoelectrode by a high temperature NH 3 treatment in the presence of a series of alkali ions. At last, they obtained alkali iondoped Ta 3 N 5 photoelectrode [106] . Owing to the reduction in the band gap and a drastic increase in the electrode conductivity, the photocatalytic activity of the Ta 3 N 5 photoelectrode for water splitting under visible light irradiation was improved by all investigated alkaline metal ions (Na, K, Rb, Cs). K-Ta 3 N 5 and Na-Ta 3 N 5 nanostructures showed higher activity among all the investigated materials.
Conclusions
This review presented the fundamental aspects of photocatalysis for solar energy conversion and utilization. To achieve photocalytic reactions using a semiconductor photocatalyst, the energy band structure of the semiconductor must satisfy the requirements of reduction and oxidation potentials of specific reactions so that the photoexcited electron-hole pairs have sufficient overpotential for the process of reactions. In order to attain the solar energy conversion's efficiency (water splitting), which is
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Current density (mA cm a very important aspect of photocatalysis, target of 10% [107] , photocatalysts should be active under irradiation up to 600 nm at least. In this case, the photocatalyst can achieve a sufficient solar energy conversion efficiency at a suitable quantum efficiency. In the long term, the development of semiconductors, which are active under red and near-infrared rays, will be needed. Cu 2 O, Fe 2 O 3 , and Ta 3 N 5 are all red semiconductors, whose absorption edge is around 600 nm. They are potential candidates as photocatalysts for solar energy utilization. In recent years, considerable efforts have also been made on the development of these three materials to extend the usage of solar energy spectrum. However, the stability and efficiency of these materials are still unsatisfactory. In practice, lots of methods can be used to improve the photocatalytic reactivity of these materials, such as nanostructure design, surface modifications, heteroatom doping, and heterojunction. By these methods, separation and transportation of the carrier or carriers, the surface reaction kinetics are to be improved. These efforts are helpful to several environmental problems that our human society faces today and have special economic importance, for example, seeking "clean and sustainable energy." Although the photocatalysts reviewed here cover only a small portion of the full range of red semiconductor materials, theoretical and experimental evidences indicated that red semiconductor materials can serve as highly efficient photocatalysts for solar energy utilization. More efforts are needed to make greater progress with red semiconductor materials.
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